Interconversion between the linear genome of Epstein-Barr virus (EBV) present in virions and intracellular circular EBV DNA is a novel DNA recombination process. A previously characterized DNA binding activity called terminal repeat or tandem repeat binding protein (TRBP) was found to recognize several G-rich recombinogenic sequences in the EBV genome and in cellular DNA. TRBP was also found to be an autoantigen recognized by sera from certain patients with undifferentiated connective-tissue disorders. Here the transcription factor Sp1 has been identified as a component of TRBP and has been shown to be an autoantigen. Sp1 bound to recombination junctions of EBV DNA, such as those in the terminal repeats and in the large internal repeats, as well as to recombinogenic regions of cellular DNA, such as variable-number tandem repeats and switch regions of the immunoglobulin genes. We defined the ends of the linear EBV genome present in virions and showed that Sp1 binds to the sequence (GGGGTGGGGCATGGG) within EBV terminal repeats at the precise locus of interconversion of linear and circular viral DNA. Sp1 may be involved in DNA recombination.
Although the detailed mechanism of DNA recombination in higher eukaryotes is unclear, certain sequence elements promote recombination. The human genome contains dispersed minisatellite sequences or variable-number tandem repeat (VNTR) sequences which are recombinogenic (15, 16, 22, 30, 52) . Minisatellite and VNTR sequences often contain the motif GGNNGTGGGG. Immunoglobulin heavy-chain class switch regions also consist of highly repetitive GC-rich sequences (8, 17, 18, 28, 31, 32, 34, 39, 55) . The switch region of gamma immunoglobulin genes (S␥) contains repeats of 49-mers within which the sequence GGGGAGCTGGGG is often found (38, 39) . Chromosome telomere sequences, composed of TTGGGG or TTAGGG repeats, are also recombinogenic (3, 7, 35, 53) . Furthermore, VNTR sequences, S␥ repeats, and telomere sequences have been found to form stable fourstranded structures in vitro, called G4 DNA, G quartet, or G quadruplex (1, 23, 38) . Such structures may be intermediates of recombination or may promote stabilization of the ends of DNA (24) .
Similar to the cellular genome, the Epstein-Barr virus (EBV) genome contains repeated GC-rich recombinogenic sequences (5) . The number of these repeats varies remarkably in different virus isolates, even after only one passage of the same isolate (references 36 and 37 and unpublished results). The double-stranded DNA viral genome is linear in virions but circular in the nuclei of infected cells (2, 12, 19) . The circularization occurs 16 to 20 h postinfection and requires that the infected cells be activated into the G 1 phase of the cell cycle (12) . Furthermore, EBV infection activates the immunoglobulin gene class switch recombination mechanism in B cells (48) . The EBV terminal repeats (TR), which are the sites of linearization and circularization, are also loci of occasional integration of EBV DNA into cellular DNA (27) . TR of other herpesviruses play a role in recombination events that are involved in isomerization (29) . The termini of some herpesviruses are similar to cellular telomeres (9, 21) . Internal repeats (IR) in EBV are also recombinogenic. During coinfection with two different EBV strains, hybrid viruses containing crossovers within the first IR were frequently isolated (unpublished results).
Our laboratory has previously identified a recombination event between squirrel monkey retrovirus (SMRV) and EBV (45) . The recombination junction in EBV DNA was in the first IR at the same position as one junction of the deletion in strain P3J-HR-1 which removed the EBNA2 gene (14) . The sequence (GGGTGG) was present at the junctions of both recombination events (43) . The sequences around the recombination sites in EBV are homologous to the common sequence of the S␥ repeats and VNTRs. Similar sequences are found in EBV TR.
A specific binding activity, called terminal repeat or tandem repeat binding protein (TRBP), was identified (46) . TRBP bound to G-rich recombinogenic sequences in EBV and cellular DNA, it formed a specific footprint on the EBV TR at the site of terminal processing, it was present in the nuclear extracts of all mammalian cells tested, and it was a human autoantigen. Here we identify Sp1 as a component of this binding activity and show that it binds precisely at the locus of EBV terminal processing.
MATERIALS AND METHODS
Cell culture. Human and marmoset B lymphocytes [Raji, BJAB, BJAB-B1, P3HR-1/CL16(HH514-16), and B95-8] were grown in RPMI 1640 medium supplemented with 8% fetal calf serum. HeLa cells were cultured with RPMI 1640 medium supplemented with 6% calf serum. All media contained penicillin, amphotericin B, and streptomycin.
Nuclear extracts. Nuclei of cultured cells were prepared as described previously (46) ; nuclei were extracted with 0.4 M KCl-0.2 mM EDTA (pH 8.0)-20 mM HEPES (pH 7.9)-20% glycerol-0.5 mM dithiothreitol-0.5 mM phenylmethylsulfonyl fluoride. The protein concentrations of nuclear extracts, determined by the Bio-Rad protein assay, ranged from 3 to 10 mg/ml. DNase I footprinting. The probe was a 282-bp BstEII/NarI restriction fragment which corresponds to bp 170538 to 170819 of the EBV sequence. The probe was radiolabelled at the BstEII end with [␥-32 P]ATP by using T4 polynucleotide kinase. DNA binding and DNase I digestion were performed under previously described conditions (4) . Nuclear extract from P3HR-1/CL16(HH514-16) cells or purified human Sp1 protein purchased from Promega (Madison, Wis.) was incubated with the labelled probe before DNase I digestion. A 24-mer oligonucleotide (5Ј GTGACCCAGCCAAGCGTGACCAAG 3Ј), corresponding to the 5Ј end of the probe, was used as a primer in a DNA sequencing reaction. The sequencing reaction and the DNase I protection assay were run in adjacent lanes to determine the protected sequences.
Synthetic DNA oligonucleotides. The sequences of double-stranded oligonucleotides used in the electrophoretic mobility shift assay (EMSA) are shown in Table 1 . Single-stranded oligonucleotides were annealed and radiolabelled by filling in recessed 3Ј ends with Klenow fragment and [␣-
32 P]dCTP (4). EMSA. Binding reactions were carried out in 10 l of binding buffer [10 mM HEPES (pH 7.9), 100 mM KCl, 1 mM dithiothreitol, 0.5 mM EDTA (pH 8.0), 20% (vol/vol) glycerol, 1 g of poly(dI-dC)].
32 P-labelled oligonucleotides with 2.5 ϫ 10 4 cpm at a final concentration of 5 nM and specific competitor DNAs were used as indicated below. The binding reactions were initiated by adding 5 to 10 g of nuclear extract or 0.1 footprint unit (FPU) of pure Sp1 protein to the initial mixture and incubating it for 10 min at room temperature. Bound and free probes in the EMSA were separated on a 4% polyacrylamide gel.
Antibodies and supershift assay. Rabbit polyclonal anti-Sp1 antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, Calif.). Coded human sera from patients with autoimmune diseases were obtained from Yale New Haven Hospital. Antibody supershift assays were performed by adding 1 l of autoimmune serum to the EMSA reaction mixture and incubating it for an additional 10 min at room temperature. Bound and free probes in the EMSA and supershift assays were separated on a 4% polyacrylamide gel.
Western immunoblotting. After resolution by electrophoresis on sodium dodecyl sulfate (SDS)-polyacrylamide gels, proteins were electrotransferred to nitrocellulose filters in a solution containing 0.25 M Tris, 0.15 M glycine, 0.1% SDS, and 25% methanol with a Bio-Rad Transblot apparatus for 2 h at 200 mA (4) . Nitrocellulose filters were blocked in 5% nonfat dry milk for over 1 h before incubation with antibodies. Human sera were used at a 1:200 dilution, and rabbit sera were used at a 1:1,000 dilution. The bound primary antibodies were detected by 125 I-labelled protein A. Primer extension with virion DNA. Primers were radiolabelled by T4 polynucleotide kinase at the 5Ј end (4). EBV virion DNA was prepared as described previously (45) . One hundred nanograms of EBV virion DNA was denatured and annealed with 32 P-labelled primer B (5Ј ATCCCCGGAACGTCCGCCGC CATC) or primer C (5Ј GTGACCCAGCCAAGCGTGACCAAGG) to map the 5Ј nucleotides of the left and right ends, respectively, of the linear genome. Primer extension reactions were performed with Taq DNA polymerase. Extended products were run next to a DNA sequencing reaction mixture which served as a molecular weight marker.
High-resolution Southern blotting. Virion DNA digested with a restriction endonuclease was run on a 6% acrylamide gel adjacent to a 35 S-labelled DNA sequencing reaction mixture which served as a molecular weight marker. ApaI was used to map the right end, and AvaII was used to map the left end. The DNA was transferred from the gel to nitrocellulose filters with a Bio-Rad gel dryer without heating. The DNA was cross-linked to the filters with UV light and hybridized with oligonucleotides radiolabelled with T4 polynucleotide kinase. Oligonucleotides H (TGACACAGGCAACCCTGACAAAGG) and I (GCCGT AGCGCCGCTCTGTGCG), respectively, were used to determine the 5Ј ends of the termini. Then the filters were stripped and hybridized with kinase-labelled oligonucleotides J (CGGGGGTCTTTCCTGGGGGCCTTTGTCAGGGTTG) and K (CATTCCTGGAAAAAGTGGAGGGGGCGTGGCCTTCC), respectively, to determine the 3Ј ends of the termini.
Ligation-mediated PCR. To generate adapters, oligonucleotide F (5Ј GTAA ACGACGGCCAGTAAGAATTCCCC) was annealed to one of three oligonucleotides (5Ј GGGAATTCTTAC, 5Ј GGGGAATTCTTAC, or 5Ј GGGGGAA TTCTTAC); oligonucleotide G (5Ј GTAAAACGACGGCCAGTAAGAATTC GGG) was also annealed to one of three oligonucleotides (5Ј CCGAATTCTT AC, 5Ј CCCGAATTCTTAC, or 5Ј CCCCGAATTCTTAC). These adapters contained either one 3Ј protruding nucleotide, a blunt end, or one 5Ј protruding nucleotide. In each ligation reaction, 50 ng of EBV virion DNA was incubated overnight with 5 ng of annealed adapter. PCRs were performed with one of the two oligonucleotides, pB and pC, derived from EBV TR and with one of the two oligonucleotides, F and G, from the adapters. The PCR products were cloned into pBluescript KS(Ϫ) and sequenced.
RESULTS
Sp1 binds specifically to the EBV TR sequences. Preliminary experiments that explored the biochemical properties of TRBP, including its DNA binding specificity, its requirement for Zn 2ϩ in DNA binding, its binding to wheat germ agglutinin, and its behavior on gel filtration columns, suggested that TRBP might be related to the Sp1 family of transcriptional activators (43) . The behaviors of TRBP and Sp1 were directly compared in two DNA binding assays (Fig. 1) . DNase footprinting showed that nuclear extract protected three regions on the EBV TR designated TRBS1, TRBS2, and TRBS3 ( Oligonucleotide competitions confirmed that TRBP and Sp1 bound related sequences (Fig. 1B ). With nuclear extract as a source of binding activity, three complexes, designated A, B, and C, formed on oligonucleotide TRBS1 derived from the EBV TR. Complexes of mobility identical to these formed by nuclear extracts from Raji cells were formed with nuclear extracts from every mammalian cell tested, including P3HR-1/ CL16(HH514-16), Daudi, B95-8, BJAB, and a variety of EBVnegative Burkitt lymphoma cell lines. Complexes A and B were competed by an oligonucleotide containing a consensus Sp1 site from the simian virus 40 (SV40) promoter (Fig. 1B, lanes  3 to 7) . Similarly, complexes A and B formed by nuclear extract on the SV40 Sp1 site were competed by TRBS1 (Fig. 1B, lanes  19 to 23) . Based on these competitions, the affinity of TRBP for TRBS1 was about twofold greater than that for the Sp1 site from SV40. In competition EMSA experiments with purified Sp1 protein with labelled TRBS1 or Sp1 DNA probes, TRBS1 competed for the binding of Sp1 more efficiently than did the Sp1 site (data not shown). Complexes C and D appear to consist of factors that bind DNA nonspecifically (Fig. 1B and  2A ). Complex C, which was not effectively competed by Sp1 oligonucleotide, was shown to contain the Ku autoantigen (40a).
To pinpoint the sequence within TRBS1 essential for the binding of TRBP or Sp1, a series of mutant oligonucleotides were used in EMSAs (Fig. 2) . Mutations that decreased TRBP binding decreased Sp1 binding concordantly. Mutants Tm1A, Tm1B, Tm1C, and Tm3, containing interruptions in the G tracts of TRBS1, all had reduced affinity for TRBP ( Fig. 2A) . No complex A was formed with Tm1C or Tm3. Mutant Tm2, in which two T nucleotides were replaced with A's, retained wild-type affinity for complexes A and B. Figure 2B shows that Sp1 protein bound TRBS1 (T); however, only complex A was formed. Mutations of TRBS1 caused similar effects on the binding of TRBP and purified Sp1 (compare Fig. 2A and 2B ). Rabbit antibody against Sp1 supershifted complex A formed on the wild type and the Tm2 mutant as well as the less abundant complex A formed on Tm1A and Tm1B (Fig. 2C) . However, anti-Sp1 antibody did not recognize the unrelated complexes that formed on Tm1C and Tm3. Sp1 binds to other EBV and cellular recombinogenic sequences. The binding of TRBP and pure Sp1 was compared by using oligonucleotides T (TRBS1), W, and H, which represent recombinogenic sequences in the EBV genome, and oligonucleotides S␥3c and VNTR, which represent recombinogenic sequences in the cellular genome (Table 1; Fig. 3 ). W and H represent the sites of recombination that generate the deletion in P3J-HR-1 DNA. Sp1 bound all the viral and cellular sequences that were bound by TRBP. In each instance, Sp1 protein formed a complex that comigrated with complex A formed by TRBP. Anti-Sp1 antibody supershifted TRBP complex A on all the viral and cellular sequences.
Sp1 is an autoantigenic component of TRBP. Eight autoimmune sera from different patients recognized TRBP; all of them also reacted with Sp1 in a supershift EMSA and in immunoprecipitation experiments (data not shown). For example, Fig. 4A shows that autoimmune serum 229, which caused a supershift of TRBP in nuclear extract (lanes 7 and 17), also supershifted purified Sp1 (lanes 2 and 12) . This autoantibody supershifted TRBP or Sp1 whether an Sp1 binding site or TRBS1 was used as a probe in the EMSA. Figure 4B shows that this autoantibody, which was reactive with TRBP and Sp1 in EMSA, also recognized purified Sp1 protein on an immunoblot (lane 8). In cell extracts (Fig. 4B, lanes 3, 4, and  7) , this antibody recognized a 95-kDa protein corresponding in size to Sp1 (lanes 6 and 8) .
Mapping the ends of the EBV linear genome. We reasoned that if Sp1 played a role in EBV terminal processing, the cleavage site should be close to, or at, the binding sites for Sp1. At the time we initiated these experiments, the cleavage site for EBV linearization had not been precisely mapped (43, 44, 46) . Therefore, we mapped the ends of the EBV linear genome, initially using primer extension. Virion DNA was obtained from viral particles purified on sucrose gradients. After denaturation, viral DNA was annealed with primers located at several positions on the EBV TR. Primer C, which was used to map the right end of the genome, generated an unambiguous pattern. The major extended product was 114 nucleotides (nt), and a minor product was 113 nt (Fig. 5A) . The longest extended product from primer B, which was used to map the left end, was 171 nt (Fig. 5B) . Based on the results of additional experiments, described below, the shorter fragments were likely the result of premature stops of polymerization.
The EBV ends were also mapped by Southern blotting (Fig.  5C and D) . Virion DNA was digested with restriction endonucleases which cut within the terminal repeat. ApaI was used to map the right end, and AvaII was used to map the left end. The digested products were separated on 6% denaturing polyacrylamide gels, transferred to nitrocellulose paper, and probed with strand-specific oligonucleotides which were located between the restriction enzyme cleavage site and the putative site of terminal processing of EBV DNA. The right termini were again found to be heterogeneous, since doublets were detected on the Southern blots. The 3Ј end of the right terminus was 86 or 85 nt away from the ApaI site (Fig. 5C ). The 5Ј end was 89 or 88 nt away from the ApaI site. Considering that ApaI digestion generates a 4-nt 3Ј overhang, the right end of the EBV genome appears to have one extra nucleotide at the 3Ј end. This estimate was based on the assumption that the migration rate of the DNA fragments was dependent solely on the number of nucleotides and was not affected by base composition. A single band of 117 nt represented the length between the 5Ј end of the left terminus and the AvaII site (Fig.  5D) . The distance between the 3Ј end of the left terminus and the AvaII site was 120 nt. Since AvaII digestion generates a 3-nt 5Ј overhang, the left terminus may be blunt.
Unusual sequence at the EBV right terminus. The results of both primer extension and high-resolution Southern blotting indicated that there was approximately 20 bp of extra sequence present in the linear termini that was not present in the circular genome. A ligation-mediated PCR method was used to identify these extra sequences in the EBV termini. Unlike other 24 , labelled TRBS1 probe with no specific competitor added. "Fold" indicates the ratio of excess cold competitor to the labelled probe added into the binding reaction mixture. Shifted complexes from the top of the gel to the bottom are labelled A, B, and C. P, free probe. Nuclear extract for this experiment was prepared from Raji cells. methods of DNA cloning, this method does not require modification of the ends. Three types of adapters were ligated to the left or right terminus of virion DNA: one contained a 1-nt 3Ј overhang, one was blunt, and one contained a 1-nt 5Ј overhang. Separate PCRs were performed with each ligation, using one primer in the TR and another primer in the adapter. Three clones with lengths consistent with the results of primer extension and Southern blotting were obtained from PCR products resulting from ligation of the right terminus, with the adapter containing 1 nt (cytosine) protruding at the 3Ј end of the bottom strand. These three independent clones contained identical inserts, the sequence of one of which is shown in Fig.  6 . The sequence revealed the identity of the extra 20 bp found by primer extension and Southern blotting.
Linearization and circularization of the EBV genome are novel DNA recombination processes. The termini of the encapsidated linear EBV genome in the virion were recently characterized by end labelling and by direct cloning and sequencing (56) . The three different methods we used, primer extension, high-resolution Southern blotting, and ligation-mediated PCR, confirmed these results (44) . Linearization of the viral genome is not due to simple cleavage of the circular or concatemeric form; instead, the conversion of the linear to the circular form and the reverse involved a novel form of DNA processing (Fig. 7) . Formation of the right terminus of linear EBV DNA was associated with the insertion of 9 bp (GTGT TGGCG) and the deletion of 1 bp (T) immediately adjacent to the insertion. The right terminus of the EBV genome was coterminal with the right end of TRBS1, one of the two major binding sites for Sp1 (Fig. 1) . The left terminus was in the middle of TRBS1. According to previously published results, the sequence of the left terminus of EBV DNA contains 11 bp (GGGGCATGGGG) that are also present at the right end of the genome (56) .
DISCUSSION
We show that Sp1, a well-characterized transcriptional activator, binds to recombination junction sequences in viral and cellular DNA. Sp1 binds to TRBS1, the site of EBV terminal processing. Sp1 binds to other recombinogenic sequences in EBV and cellular DNA which contain the common motif GGGTGG. The sequence TRBS1 contains three G n tracts, all 
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Sp1 BINDING TO EBV TERMINAL REPEATS 6139 of which are required for optimal binding by Sp1. Additional mutagenesis confirmed this conclusion (40a). Binding of Sp1 to recombinogenic sequences suggests a novel function for the protein in the process of DNA recombination. The impetus for this study was the observation of a recombination event between EBV and SMRV (43, 46) . The sequence at the recombination crossover junction between EBV and SMRV was TGGGTGG. A similar sequence, GGGTG GG, has recently been found to promote recombination in a functional assay with avian spleen necrosis retrovirus (33) . Thus, recombination junctions of a primate and an avian retrovirus contain related G-rich elements. Moreover, similar sequences are found at internal recombination junctions in EBV, such as the recombination junction of the EBNA2 deletion in EBV strain P3J-HR-1 and the EBV termini (Fig. 5) . The appearance of this motif in recombinogenic loci of unrelated viruses supports the hypothesis of a functional role for such sequences and suggests that they may interact with similar cellular proteins.
Formation of the ends of EBV DNA is not a simple cleavage and ligation reaction but an intricate process (Fig. 5 to 7) . The total number of TR may be increased or decreased in the linear virion DNA relative to their number in the circular latent DNA (19) . A 9-bp sequence, GTGTTGGCG, also found in unique sequences adjacent to TR, is newly added to the right terminus. An 11-bp sequence, GGGGCATGGGG, found only once in each fused TR of circular DNA, is duplicated at both termini of linear DNA (56) . Moreover, this 11-bp sequence is embedded in an 18-bp sequence which is located 37 bp from a nearly perfect inverted repeat (Fig. 7) . A nucleotide, T, present in circular DNA is absent from linear DNA. All these findings point to the likely participation of DNA replication, recombination, and repair in the interconversion of the circular and linear forms of EBV DNA. The recombination events discussed here are to be distinguished from the only well-characterized eukaryotic recombination reaction in higher eukaryotes, namely, V(D)J recombination, which does not involve DNA replication (40, 51) . High rates of deletions, insertions, and mutations, found close to the recombination junctions in the spleen necrosis virus, likewise implicate DNA replication and repair in this recombination process (33) . Sp1 could play a role in either circularization or linearization of the EBV genome. Both these events are likely to involve DNA recombination processes. Several functions of Sp1 in recombination can be envisioned. Sp1 has been shown to bring two regions of double-stranded DNA together, either apposing ends or forming loops (26, 41) . This represents an essential step in recombination and could play a role in circularization of the input genome. Sp1 can bend DNA (13, 42) . Distortion of DNA near a point of cleavage may promote recombination. For example, the binding of Sp1 protein to TRBS1 and TRBS2 together with another protein on TRBS3 may induce conformational changes to direct the cleavage on the EBV TR. Finally, Sp1 can be phosphorylated by the complex of autoantigen Ku and DNA-dependent protein kinase, which are involved in DNA repair and V(D)J recombination (6, 10, 11, (Fig. 1A) . The arrows below the sequences indicate nearly perfect inverted repeats. One T, indicated by a triangle, is deleted during linearization. (C) EBV sequence at the termini after cleavage. The sequences in bold are present on both termini after cleavage, based on data shown in Fig. 5 and described in reference 56. The boxed sequences are introduced after cleavage and can be found at the junction between the short unique sequence and the TR (EBV nt 172232 to 172240) (5). 20, 40, 47, 49) . Sp1 may attract components of the recombination machinery, such as Ku and DNA-dependent protein kinase, to sites with the (GGGTGG) recombinogenic motif. Other recent evidence implicates components of the transcription apparatus in herpesvirus genome end processing. TAF II 250, which is known to play a role in Sp1 transcriptional activation, has recently been found to play a role in genome end formation of herpes simplex virus (25, 50, 54) . In summary, Sp1 binds to the EBV termini at a locus intimately associated with a novel form of DNA recombination.
